Abstract. Underground environments are increasingly recognised as important habitats for the distribution of certain amphibians. However, very few analyses tested whether amphibians occur randomly in underground environments, or they select cavities with specific environmental features. We assessed the distribution of the cave salamander Hydromantes (Speleomantes) strinatii in an area of NW Italy during summer, and analysed relationships between salamander distribution and multiple cave features, considering parameters describing both the biotic and the abiotic environment. Using visual encounter surveys, species' detection probability was high, indicating that this technique provides reliable information on distribution. Salamanders were associated to caves with cold and humid microclimate, presence of wet walls, and hosting large numbers of Meta spiders. The association with less luminous caves was close to significance. Distribution data were not affected by spatial autocorrelation, suggesting that cave features are more important than the proximity to other occupied caves in determining the pattern of occupancy. Caves are heterogeneous environments: cave salamanders are strongly related to the features of underground environments. Food availability and abiotic features are major determinants of suitability for cave salamanders. Inter-correlation among biotic and abiotic cave features makes it complex identifying the role of factors determining species distribution, but quantitative analyses and PCA help to unravel the cave habitat requirements for amphibians.
Introduction
Caves are environments with unique biotic and abiotic features. The distinctive features of caves make them an important habitat for vertebrates with slow metabolic rate, and requiring high humidity or water presence, such as amphibians. A growing number of studies has shown that underground environments are often used by amphibians as shelter or hibernacula (e.g., Baumgart, 1981; Fellers et al., 2010) . Most importantly, the presence of caves allows the persistence of several amphibians in suboptimal environments, or in karstic habitats with limited water surface (Briggler and Prather, 2006; Manenti et al., 2009b Manenti et al., , 2011 Kohler et al., 2010) . For instance, the humid un-1 -Dipartimento di Scienze dell'Ambiente e del Territorio, Università di Milano-Bicocca, Piazza della Scienza 1, I-20126 Milano, Italy 2 -Dipartimento di Biologia, Università degli Studi di Milano, Via Celoria 26, 2133 Milano, Italy * Corresponding author; e-mail:
francesco.ficetola@gmail.com derground environments allow the persistence of cave salamanders (genus Hydromantes) in Mediterranean regions, where external conditions would be too harsh (e.g., dry, hot) for lungless terrestrial salamanders (Cimmaruta et al., 1999) . Nevertheless, only part of potentially suitable caves is inhabited by amphibians (Briggler and Prather, 2006) . In the last years, advances in habitat suitability modelling showed that it is possible to evaluate the role of biotic and abiotic features on amphibian occupancy across habitats, and identify the most important environmental parameters to explain species distribution. Habitat suitability models can be extremely useful to understand species ecology, but also to plan management actions aimed at species conservation (protection of most suitable habitats, habitat restoration, etc.; e.g., Beebee, 1985; Pope, Fahrig and Merriam, 2000; Denoël and Ficetola, 2008; Hartel et al., 2010; Ficetola et al., 2011; Pereyra, Lescano and Leynaud, 2011 ). These models are often used to assess suitability of aquatic breeding sites such as ponds and streams. Conversely, very few studies used statistical models to identify parameters allowing amphibians to use underground environments (but see Briggler and Prather, 2006; Camp and Jensen, 2007; Manenti et al., 2009b Manenti et al., , 2011 . In part, this is caused by the difficulty of exploring subterranean environments. Furthermore, habitat modelling requires the measurement of relevant environmental parameters: in caves, multiple biotic and abiotic features are strongly correlated to each other, making it complex to unravel their relative importance on species distribution.
The European cave salamanders, genus Hydromantes, comprise eight species endemic of Italy and SE France. Cave salamanders can be found both in epigeous and hypogeous environments but, during warm and dry Mediterranean summer, they usually retreat underground, where they can find a more humid environment allowing activity (Cimmaruta et al., 1999; Bologna and Salvidio, 2006; Lanza et al., 2006 Lanza et al., , 2007 . There is a growing interest on the biology of European cave salamanders, and some studies measured microclimatic conditions of inhabited caves, showing that salamanders are active when temperature is cold and humidity is high (reviewed in Lanza et al., 2006) . Nevertheless, the identification of factors determining the pattern of occupancy of underground environments requires the statistical comparison of the features of occupied and unoccupied cavities. The aim of this study was assessing whether the North-Western Italian cave salamander, Hydromantes (Speleomantes) strinatii, occurs randomly in caves, or whether it selects caves with specific environmental features. We assessed the relationships between the distribution of H. strinatii and the multiple cave features, considering parameters describing both the biotic and abiotic environment. We show that habitat suitability models can be used for an objective assessment of cavity preferences by these animals during the summer period; our analysis allows to tease apart the relative role of cave morphology, microclimate and biotic parameters on the occupancy of this species.
Materials and methods
Hydromantes strinatii is a small cave salamander endemic of North Western Italy and South Eastern France; the altitude range is 0-2300 m. In Mediterranean areas it can be active through the year. It is a stenoecious species requiring high humidity; epigeous activity is maximum in early spring and autumn, when outdoor conditions are cool and wet, while in late spring and summer it is usually found in crevices, caves and other cavities (Bologna and Salvidio, 2006; Lanza et al., 2006 Lanza et al., , 2007 . For this reason, we focused our analyses on cave occupancy during early summer, when the importance of underground environments for salamanders is maximum (see also Briggler and Prather, 2006; Camp and Jensen, 2007; Lanza et al., 2007) .
We surveyed horizontal or subhorizontal natural caves in two nearby small valleys of Western Liguria: Valle Perti (19 caves) and Valle Ponci (13 caves) (Savona Province, NW Italy; approx. 42. 20°N, 8.35°E) . The valleys have a karstic limestone substrate, with a large number of recorded caves; the overall surface of the study area was about 20 km 2 . The area is characterized by a Mediterranean xeric climate and is covered by maquis shrubland, alternated with Quercus cerris broadleaf forests and, in flat areas, with agricultural fields. We used the data of the Liguria regional speleological register, and previously published data on cave salamander distribution (Lanza et al., 2006) , to localize the caves and to record preliminary information of them (size, accessibility, old records of salamander presence).
We used visual encounter surveys (Crump and Scott, 1994) to assess the presence/absence of salamanders in caves. Each cave was surveyed at least two times in June 2011. In each survey, up to six trained people actively searched salamanders over the floor and all the walls of the cave; we explored the caves as deeply as possible, compatibly with our equipment. The overall sampling effort was about three men/hour per cave. We did not detect salamanders outside the caves. For each cave, we measured nine parameters to characterize their environmental features. We recorded four parameters describing micro-climate (following Lanza et al., 2006) and the physical environment (table 1): air temperature (°C), relative humidity (%), maximum and minimum illuminance at six meters from the entrance of the cave (i.e., intensity of incident light, measured in lux). These parameters were measured using a EM882 multi-function thermo-hygrometer and light-meter (PCE Instruments). The minimum illuminance recordable by the light-meter was 0.01 lux. We also recorded the presence of wet walls within the cave (y/n), the width and the height of the cave at six meters from the entrance, and the maximum cave depth (m). For very deep caves, we considered the extent of the cave explored during these surveys (maximum: 150 m). Finally, as biotic parameters, we counted the number of adult Meta menardi spiders in the cave, and the number of spider egg cases (from species of genus Meta) suspended from cave roof. In the study area, M. menardi is the most abundant large spider living in the twilight zone of caves (Gasparo and Thaler, 2000; Smithers, 2005; RM et al., unpublished data) . Meta spiders can be predated by Hydromantes salamanders (Lanza et al., 2006 (Lanza et al., , 2007 . Furthermore, both salamanders and spiders are predators of arthropods found in underground chambers (Salvidio et al., 1994; Smithers, 2005; Vignoli, Caldera and Bologna, 2006; Novak et al., 2010) , and are likely positively related to the overall abundance of invertebrates. Therefore, we considered spider abundance as a measure of overall prey availability. Several parameters were measured at 6 m from the cave entrance, because at this depth we detected the highest density of salamanders (unpublished data from the authors; Cimmaruta et al., 1999) . However, a few caves were less than 6 m deep. For these caves, environmental features were recorded 1-m before the end of the cave. For all caves, light and microclimatic conditions were measured in one occasion, and can be affected by external conditions. Because these parameters can be affected by external conditions, to minimize differences caused by the time of surveys among caves, for each cave we measured these parameters between 11.00 am and 15.00 pm, during one of three consecutive days with sunny, dry weather.
Statistical analyses
A site is occupied by a given species if it is detected at that site. However, non detecting a species during all sampling occasions does not necessarily indicate the species is absent. Occupancy modelling uses data on presence/absence collected at the same locality during multiple sampling occasions, and estimates the detection rate of the species. We therefore used PRESENCE 2.4 (Hines, 2006; MacKenzie et al., 2006) to evaluate the probability of detection of H. strinatii in occupied sites at each survey. As all surveys were performed in a short time interval, we assumed that detection probability was constant across surveys. A preliminary analysis, assuming that detection probability was survey specific, yielded identical results (not shown).
Most of the recorded environmental variables were strongly correlated among them (table 1) . For instance, cold caves had higher humidity, more spiders and egg cases. Deep caves often had wet walls and showed the largest measures also for height and width. Large caves were also more luminous. The strong relationships among variables made it difficult to unravel their relative importance for the distribution of salamanders. Furthermore, strongly correlated variables may cause problems to multiple regression models (Berry and Feldman, 1985) . For this reason, we used principal components analysis (PCA) to reduce the correlated variables to a lower number of uncorrelated components. PCA extracted four components (broken stick method; Jackson, 1993) explaining 78.5% of the original variation of environmental parameters. The components were Varimax rotated to improve interpretation. Varimax rotation is an orthogonal rotation method improving the relationship between factors and original variables: for each factor, correlation is high for a few original variables and very low for the remaining variables (Legendre and Legendre, 1998) .
High scores of the first component represented relatively cold caves with abundant spiders, the second component represented morphologically large and deep caves, the third component represented luminous caves, the fourth component represented cold, humid caves with wet walls (table 1) .
Subsequently, we used multiple logistic regression to assess the relationships between the presence/absence of salamanders in caves and the four PCA components. We assessed significance of coefficients using a likelihood ratio test; we used Nagelkerke's R 2 (R 2 N ) to estimate the amount of variation explained by the model. We also calculated the area under the curve of the receiver-operator characteristic plot (AUC) as a measure of the discriminatory ability of the model. AUC usually ranges between 0.5 (discriminatory ability non better than random) to 1 (perfect discrimination) (Manel, Williams and Ormerod, 2001) . Because of the limited number of parameters in the model, model selection using AIC or stepwise methods was not needed; nevertheless, using any of these approaches would lead to identical results (not shown). If necessary, environmental variables were transformed prior to analyse using logarithms or square-root, to improve normality and reduce skewness (table 1).
We also tested whether cave occupancy (i.e., the observed presence/absence pattern), or the residuals of our regression model were affected by spatial autocorrelation. Significant, positive autocorrelation occurs when nearby caves have similar occupancy, and may indicate that dispersal between cavities plays an important role in determining the pattern of species distribution (see Siesa et al., 2011; Ficetola et al., 2012 for further details). We used Moran's I to assess spatial autocorrelation, the significance of I was tested through 999 permutations. We performed the analyses in SPSS 19 (© 2010, SPSS Inc., USA); we analysed spatial autocorrelation in SAM 4.0 (Rangel, Diniz-Filho and Bini, 2010) .
Results
We detected cave salamanders at least one time in 12 caves (37.5%). The frequency of salamanders was similar between the two valleys (Valle Perti: occupancy = 42% of caves; Valle Ponci: occupancy = 31%; likelihood ratio test: χ 2 1 = 0.428, P = 0.513). Per visit detection probability was high (91%), therefore two visits per cave allowed to detect H. strinatii with confidence > 99%, suggesting that our surveys estimated presence/absence with reliability.
The presence of cave salamanders was significantly related to components 1 and 4 extracted by PCA. Salamanders were associated with PCA1, indicating caves having abundant spiders (both adults and egg cases) and low Table 2 . Environmental features of caves with and without H. strinatii. We report mean values ± standard errors and the range of variation of parameters. For wet walls, we considered only presence/absence, and we report the average frequency of wet walls in occupied and unoccupied caves.
Parameters
Hydromantes strinatii We did not detect significant spatial autocorrelation for the distribution of occupied caves (Moran's I = 0.042, P = 0.784) nor for the residuals of the regression model (Moran's I = −0.045, P = 0.892).
Discussion
Despite a growing interest on the biology of European cave salamanders (Lanza et al., 2006 (Lanza et al., , 2007 , statistical analyses explaining patterns of cave occupancy are scarce. Our models show that H. strinatii does not occur randomly in caves. In accordance with previous studies on microhabitat use by cave salamanders (Briggler and Prather, 2006; Lanza et al., 2007; Vignoli, Caldera and Bologna, 2008) , the distribution pattern suggests that these salamanders select caves with specific features, and both abiotic and biotic parameters seem to be extremely important factors determining habitat selection. Our models also provide methodological suggestions that can be useful for other studies focusing on cave salamanders.
Methodological insights
It is generally known that Hydromantes cave salamanders are not difficult to detect when they are present in subterranean environments (Lanza et al., 2006) but, to our knowledge, this was the first time the detection probability during occupancy surveys was statistically assessed (but see Salvidio, 2007; Lindstrom, Reeve and Salvidio, 2010 for analyses of capture probability). Our analyses confirm that, in summer, the probability to detect H. strinatii in caves is high, making these salamanders an excellent species for studies of ecology and distribution.
Relationships between species distribution and habitat features can be analysed using either the original environmental variable, or components extracted by multivariate analyses such as PCA as independent variables. For instance, the use of original variables may be preferable if specific environmental features represent clear a priory hypotheses on processes determining species distribution (Manenti, Ficetola and De Bernardi, 2009a) , if there is a limited number of unrelated parameters that may influence species distribution, or if we want to build predictive models that can be applied to other contexts, because the correlation among variables may be not exportable to different areas (Phillips, 2008) . On the other hand, PCA components can be useful if there is a large number of related environmental variables, because under such situation it may be impossible to disentangle the role of each variable. When studying underground environments, potentially important variables are numerous and strongly correlated among them, while biological knowledge necessary to the development of a priori hypotheses is limited. For instance, cave morphological features may influence microclimate and light, which in turn affect biotic features (table 1), making it complex unravelling causal relationships. In our study case, salamanders were associated with cold and humid caves, but it is not easy to evaluate whether both these parameters are actually important for salamanders or, for example, if the association with cold caves occurs only as a by-product of the importance of humidity, which is in turn negatively related to temperature (table 1) . This complexity also limits the usefulness of univariate comparisons of environmental parameters between occupied and unoccupied caves. Including correlated and inter-dependent variables may also bias regression coefficients, and even produce overfitting, unrealistic models; these collinearity problems may be particularly acute when sample size is limited (Berry and Feldman, 1985) , as is common in cave studies. PCA components allow to identify the major gradients in complex environments, and can be therefore particularly useful to study the distribution of amphibians and other organisms in underground environments.
Environmental features and distribution of cave salamanders
The distribution of salamanders was clearly non-random, indicating that caves have heterogeneous environmental features determining species presence/absence patterns: this is in agreement with results of studies performed on North American pletodonthid salamanders (Briggler and Prather, 2006; Camp and Jensen, 2007) . It has been proposed that high AUC values may be related to a narrow ecological niche (Allouche, Tsoar and Kadmon, 2006) : the high values of R 2 N and AUC suggest a very strong selection of certain cave features; both biotic and abiotic features seem to be extremely important for salamander distribution. Spatial autocorrelation was not significant, i.e., the probability of occupancy of a cave was not higher if nearby caves were occupied. This suggests that cave features are more important than the proximity to other occupied caves in determining the presence/absence of salamanders (Ficetola et al., 2012) . It should remarked that, when in caves, H. strinatii has small home ranges and displays very limited movements (Salvidio et al., 1994) .
Most analyses of cave occupancy by amphibians focused on abiotic or landscape features (Briggler and Prather, 2006; Camp and Jensen, 2007) , while relationships between the distribution of cave salamanders and invertebrates are rarely considered. Hydromantes strinatii was strongly associated with caves having abundant M. menardi spiders (table 2). Both spiders and Hydromantes are generalist predators feeding mainly on smaller invertebrates entering in caves (Salvidio et al., 1994; Smithers, 2005; Vignoli et al., 2006; Novak et al., 2010) , therefore abundant cave spiders may be a proxy of the availability of food items also for salamanders. In addition, direct interactions between Hydromantes and Meta spiders have been described. Adult Hydromantes often feed on young spiders; on the other hand, in a few cases adult Meta menardi have been observed feeding on young Hydromantes (Lanza et al., 2006 (Lanza et al., , 2007 Vignoli et al., 2006; Pastorelli and Laghi, 2007) . Nevertheless, direct interactions between these "top predators" of the cave environments are probably not so common, and the association between salamanders and spiders likely occurs because they both depend on prey invertebrates, which are more difficult to quantify than large spiders.
Lack of light is among the most distinguishing features of cave environments, yet illuminance is rarely addressed as a parameter that might influence cave occupancy by amphibians. In this respect, the results of our analyses are not conclusive. Our model suggested an association between salamanders and the darkest caves, but this relationship was not significant at the 0.05 level. Salamanders have been detected in caves with almost no light (max. illuminance < 0.01 lux during the central hours of the day), but were also present nearby the entrance of relatively luminous caves, with max. illuminance > 20 lux. Future studies are needed to better understand the role of light for the distribution of cave salamanders.
In accordance with previous studies (Briggler and Prather, 2006; Lanza et al., 2006 Lanza et al., , 2007 Vignoli et al., 2008) , we found a significant relationship between salamanders and the most humid and cold caves, which often have wet walls. Cave salamanders have narrow physiological limits (Brattstrom, 1963; Spotila, 1972; Lanza et al., 2006) , and their presence in caves is probably determined by the species requirements to escape the hot, dry conditions, especially during summer (Cimmaruta et al., 1999; Briggler and Prather, 2006) . For instance, Biggler and Prather (2006) analysed distribution pattern of three plethodontid salamanders in North America, and found a similar association between these species and the most humid and cold caves. As discussed above, it is not easy to disentangle the relative role of wet walls, air relative humidity and temperature, as these features are interdependent. In amphibians, high humidity decreases dehydration rate, and salamanders inhabiting more humid caves can better maintain water balance (Spotila, 1972; Hillman et al., 2009) . Furthermore, most of plethodontids prefer temperatures below 20-24°C, while they are rarely found in nature above 24°C (Brattstrom, 1963; Spotila, 1972; Lanza et al., 2006) : during Mediterranean summer, external temperature often rises above 30°C, and may thus reach the species' physiological limits (Brattstrom, 1963; Spotila, 1972) . Actually, all caves with temperature 25°C were unoccupied (table 2) , confirming the importance of relatively cold microhabitats for these animals: overall, salamanders were associated with the coldest caves, which are probably the ones best buffering the outdoor conditions and maintaining more constant environmental features (Hutchinson, 1958) . In these caves, salamanders may therefore experience the less stressful abiotic conditions.
In this study, for all caves we measured environmental features at the same distance from the cave entrance, to allow an objective comparison among cavities. On the other hand, each cave can be composed by multiple microhabitats: salamanders may respond to environmental fluctuations or to environmental differences among caves by selecting, within each cave, the most appropriate environments and microhabitats. In the last year, a growing number of studies is showing that in certain regions caves are extremely important for the distribution of amphibians. Caves can be a much more diverse environment than previously thought, and organisms strongly respond to this heterogeneity. There is a need for a greater understanding of the cave habitat requirements for amphibians, by integrating analyses performed at multiple levels, ranging from the micro-habitat variation within each cave, to the biogeographical scale.
